One Eulerian and two Lagrangian tracers tools are evaluated for studies on atmospheric moisture sources and pathways. The first method has been recently implemented into the Weather Research and Forecasting (WRF) mesoscale model, while the Lagrangian methods are described here. In these methods, a moisture volume is assigned to each particle, which is then advected by the wind flow. Usual Lagrangian methods consider this volume to remain constant and the particle follows flow path lines exactly. In a different approach,, the initial moisture volume can be considered to depend on time as it's advected by the flow, due to thermodynamic processes. In this case, the tracer volume drag must be taken into account. Equations have been implemented and moisture convection was represented in both Lagrangian models. We apply these methods to evaluate the intense atmospheric river that devastated the Pacific North West region of the United States, with flooding rains and intense winds in early November 2006. We note that the usual Lagrangian method underestimates moisture availability in the continent while active tracers (both Eulerian and Lagrangian) achieve more realistic results.
Introduction
Extreme precipitation and flooding in many areas of the world, and particularly on the US and Europe west coasts, are often related to the presence of atmospheric rivers (ARs) [3, 25, 14, 4] . ARs are narrow and elongated filamentous structures that transport moisture from the tropics into midlatitudes over a period of a few days, and usually form in association with baroclinic systems. AR conditions occur in the warm sector of extratropical cyclones and are characterized by large water vapor contents and transport at low levels [24] . For some AR events, a filamentous pattern develops persisting enough time to be considered a Lagrangian coherent structure [8, 9] . ARs have been shown to play a key role in extratropical tropospheric dynamics [20, 33, 12] . The advection and convergence of moisture along ARs is a key process for Earth's sensible and latent heat redistribution and has a strong impact on the mid-latitudes water cycle by increasing tropospheric water vapor mixing [33] .
The present study examines a uniquely well-observed extreme precipitation event to better understand the role of the landfalling AR that devastated portions of the US Pacific Northwest coast with torrential rains and severe flooding on 6-7 November 2006 [19] . The composite analysis of the vertically integrated water vapor transport (IVT) and the integrated column of water vapor (IWV) (Fig. 1 ) provides a depiction of the landfalling AR during its most destructive phase. The figure shows a narrow plume extending northeastward from the tropical moisture reservoir to the Pacific Northwest, and strongly suggests direct incorporation of tropical moisture into the AR. The landfalling AR was observed to occur on 6th November and led to important precipitation amounts (Fig. 2) in the northwestern coast of North America. In addition, these images also show the development of a very deep depression, which in conjunction with an anticyclone located to the southeast, increases the poleward and eastward flux of moisture with an apparent tropical origin. To analyze the contribution of tropical moisture onto the landfalling ARs different numerical methods have been applied in the last decades, namely analytical, Lagrangian and Eulerian models (e.g. [11] , for a detailed review). Lagrangian models have been widely used in climatic studies of atmospheric water vapor sources and in the diagnosis of the origin of moisture in extreme precipitation events [28, 29, 10, 26] . These models, although widely used, cannot describe correctly evaporation (e) and precipitation (p), in addition to neglecting liquid water and ice, which results in an overestimation of both e and p. All Lagrangian models consider constant parcel volumes. However, the initial parcel may change its volume along its pathway due to thermodynamic and mechanical effects. In this case, inertial effects on the parcel should be considered [17] . Finite-size or inertial particle dynamics in fluid flows can differ markedly from Lagrangian particle dynamics, in both, their motion and clustering behavior (e.g. [18] , for a review). Eulerian methods, generally known as water vapor tracers (WVTs) are based on coupling a moisture tagging technique with a global or regional meteorological model [27, 13, 5] . This strategy allows the model to explicity account for all physical processes affecting atmospheric moisture, but on the other hand, it cannot be run offline and thus cannot be coupled to an atmospheric reanalysis, for example. This paper presents a comparison between Eulerian and Lagrangian methods for the landfalling AR episode on November 2016. Two Lagrangian models will be considered depending on wheter inertial forces on tracers are considered or not. 
Model

Eulerian tracer model
The Eulerian tracer model is based on coupling a moisture tagging technique with the WRF model. The prognostic equations for the different moisture species are replicated with equations for moisture tracers, which are defined as moisture originating from a predetermined source. In the equations for tracers, turbulent diffusion uses the same eddy diffusivities as for full moisture, and convection and microphysics processes for tracers follow those for full moisture, assuming that phase changes among the different tracer species occur in amounts proportional to the tracer fraction in the species undergoing the change. The tracer tool can separate moisture from different sources with a very small error (less than 1% in traceability). The uncertainty of the method is almost entirely due to the WRF model errors. A more in-depth description of the Eulerian tracer tool and validation results can be found in in [5] and in [13] .
For the numerical experiments, all moisture contained below latitudes 25/28 (considering the WRF lambert conformal projection grid conversion to lat-lon) is labeled and tracked in its path northward. Advection, convection and change of phase of this tagged moisture along the way are solved and considered by WRF. Figure 3 shows the complete domain of simulation highlighted in both blue and red areas. The red area depicts tropical latitudes, where moisture is initially tagged. 
Inertial and Lagrangian models
The atmospheric transport has been studied using wind field data obtained from the European Center for Medium-Range Weather Forecast reanalysis, ERA-Interim [2] . The spatial resolution of the data set is approximately 80 km (T255 spectral) on 60 vertical levels from the surface up to 0.1 hPa, and a temporal resolution of 6 hours. Datasets were retrieved in a longitudelatitude-height coordinate system ( , , ) on model levels.
Two types of fluid particles have been considered in this study; inertial and Lagrangian particles. In the first case, the particles' volume are assumed to change with time, while Lagrangian particles keep their volume constant. A Lagrangian particle is then advected using the trajectory equation
where i is the i-component of the fluid velocity, and ui is the wind velocity interpolated in space and time from an external source at the particles' position xi. Thus, Lagrangian particles follow wind stream trajectories However, inertial tracers accelerate due to external forces acting on the particle and their motion in non-uniform incompressible flows can be modeled by the momentum equation [32, 18, 31, 21] ,
where is the velocity of the inertial tracer, that of the fluid, = − the relative velocity between the fluid and the tracer, the fluid vorticity, = 0.5 the lift coefficient for a sphere, the air density, = / ,the kinematic viscosity, and Ω the Earth angular velocity. The six terms on the right represent, respectively, the force exerted by the undisturbed flow, the Coriolis force, the lift force, the Stokes drag, the viscous force, and the history force. In the last two terms, the effect of a spherical tracer with a time-dependent radius ( ) has been considered [16, 31] . The derivative / is taken along the path of a fluid element, whereas the derivative / is taken along the trajectory of the particle.
The instantaneous parcel radius R(t) is calculated from the Rayleigh-Plesset equation [22] of parcel dynamics Further generalizations of this equation to a compressible fluid [23] have been published, but for the purpose of this study we will keep a first order approach, since the flow is mainly driven by the momentum equation (2) . In Eq. (3), / and 2 / 2 are the parcel wall velocity and acceleration, respectively, Pf is the pressure in the fluid at the parcel interface,and P is the pressure field imposed by the flow. The pressure at the parcel interface is given by,
in which the first two terms are the internal pressure of the parcel related to the partial pressure due to vapor content and gas content , respectively, and the last terms account for the interface curvature effect and the viscous stress at the interface. Surface tension is given by and for our simulations, it can be considered negligible ~0. The gas pressure inside the parcel changes as the parcel contracts or expands. As the total amount of gas in the tracer remains constant, the tracer radius and gas pressure are related by = 0 ( / 0 ) 3 , where α = 1 for an isothermal process, or equal to the ratio of specific heats for an adiabatic process. The external P and vapor pressures are interpolated in space and time from the meteorological model at the particle position.
Updrafts and downdrafts due to moist convection were considered for both models. To represent convective transport in a particle dispersion model, it is necessary to redistribute particles in the entire vertical column as these transports are not represented by the ERA-Interim vertical velocity. Here, we follow the same convective parameterization implemented in the Lagrangian dispersion model FLEXPART [6, 30] .
For the numerical experiments, a regular grid of = 60 × 34 particles is homogeneously distributed in the interval ( , ) ∈ [160 , 110 ] × [7 , 25 ] and for 30 vertical levels from the surface up to 5 km above the ground. Then, 3D Lagrangian simulations have been performed so that particle trajectories are computed integrating equations above using a 4th order Runge-Kutta scheme with a fixed time step of ∆t = 1 s, and multilinear interpolation in time and space from current 60-level ECMWF data. Particles are advected during 60 hours beginning the 5th November 2006 at 0h UTC and every 6 hours a new grid of particles is released from the original location. The history term in Eq. (2) is integrated following the numerical integration scheme depicted by [1] . (5) (6) To study the trajectory followed by a tagged mass of vapor, an initial volume of radius R0 = 50 m and specific humidity is assigned to each inertial/Lagrangian particle. The net change of water vapor content is given by,
where is the mass of a particle, and − measures the net excess or shortage of water vapor at the particle position. For the inertial tracers, the volume of the particle changes with time, while is constant for the Lagrangian particles. At any time, we assume that water vapor and temperature of the particles are equal to the surrounding values interpolated from ERA-Interim at the particle position ( ) = ( ). Besides, the water vapor content inside the particle is equal to the tagged humidity plus some moisture up to , ( ) = ( )+ ( ) for = 0, ( = 0) = ( = 0) and ( = 0) = 0. Integration of Eq. (5) results in a decrease of the tagged moisture only when the water vapor excess = ( − ∆ ) − ( ) is positive,
where = ( ) for an inertial particle, and the last term represents the percentage of moisture reduction for the tagged water vapor. Otherwise, if ≤ 0 the tagged moisture does not change.
Results
Tagged moisture advected from the Tropics and simulated with the Eulerian model is shown in Fig. 4 . The integrated water vapor shows and intense plume of moisture extending from the tropical water vapor reservoir to Washington and Oregon as it was shown in the reanalysis, Fig. 1 . Landfalling of the AR occurs the 6th of November at 0h UTC. During the next hours moisture continues to reach the continent while displacing to the south and reaching Northern California.3.1.
Inertial and Lagrangian tagged tracers also reproduce the trajectory of the AR (Figs 5-6 ). Unlike the Eulerian model, these tracers are initially trapped by the vortical structure of the depression located northward of the AR that drags them while moving toward the northeast (see Fig. 1 for a time sequence). Compared to Lagrangian particles, heavier inertial particles loaded with moisture are observed around the depression. Later on, 36h after being initialized, tagged inertial particles can be observed inland north of Montana, while this is not the case for the Lagrangian tracers. Note that IVT images show also some moisture at the same location. However, the cloud of inertial particles extend inland as time goes on (48h) and it does not decrease either in extension or in mean value, in contrast with what happens for Lagrangian and Eulerian tracers. In this case, the known moisture overestimation excedes for the Lagrangian models, since Eq. (6) Figure 7 resumes the behavior of both inertial and Lagrangian moisture contents over three sites located in the coast of Washington, Oregon and North California states, respectively. As mentioned above, the tagged vapor content of the inertial tracers rapidly increases as the AR approaches Washington, but the maximum is delayed as it moves to the south; Oregon and North California. However, although the Lagrangian particles show different average moisture contents for the three sites, the impact of the landfalling AR is smoothed if compared to the inertial ones. 
Conclusions
Three Eulerian, Lagrangian and inertial models have been used to compare the trajectories of tagged moisture from the Tropics to evaluate the intense atmospheric river that devastated the US Pacific North West with flooding rains and intense winds in early November 2006. The three models reproduce the structure of the AR. Inertial and Lagrangian tracers are dragged northeastward by the low while Eulerian tracers reproduce better the landfalling of the AR. Tagged inertial moisture concentrations over the coast are larger than Lagrangian ones, and they reach Northern California as the low turns to the north.
Further improvements on both Lagrangian and inertial models should be undertaken to correct the vapor excess above the ground. The presence of larger moisture amounts around the low not reproduced by the Eulerian model is likely related to the lack of precipitation in Lagrangian and active formalisms. The influence of the initial tracer deployment should also be studied in detail. Particle models were initialized several days later than the Eulerian model, and hence were able to influence the width of the river and its motion southward.
These results highlight the important contribution of tropical moisture to atmospheric rivers and the different dynamical behaviors reproduced by the three models considered here. However, an indepth investigation with a sufficient number of cases and further diagnostics would be needed to draw a more robust general conclusion.
